Administration of chondrogenically differentiated mesenchymal stem cells (MSC) is discussed as a promising approach for the regenerative treatment of injured or diseased cartilage. The high-density pellet culture is the standard culture for chondrogenic differentiation, but cells in pellets secrete extracellular matrix (ECM) that they become entrapped in. Protocols for cell isolation from pellets often result in cell damage and dedifferentiation towards less differentiated MSC. Therefore, our aim was to develop a reliable protocol for the isolation of viable, chondrogenically differentiated MSC from high-density pellet cultures. Human bone marrow MSC were chondrogenically stimulated with transforming growth factor-b3, and the cartilaginous structure of the pellets was verified by alcian blue staining of cartilage proteoglycans, antibody staining of cartilage collagen type II, and quantitative real-time reverse-transcription polymerase chain reaction of the marker genes COL2A1 and SOX9. Trypsin and collagenases II and P were tested alone or in combination, and for different concentrations and times, to find a protocol for optimized pellet digestion. Whereas trypsin was not able to release viable cells, 90-min digestion with 300 U of collagenase II, 20 U of collagenase P, and 2 mM CaCl 2 worked quite well and resulted in about 2.5 · 10 5 cells/pellet. The protocol was further optimized for the separation of released cells and ECM from each other. Cells were alcian blue and collagen type II positive and expressed COL2A1 and SOX9, verifying a chondrogenic character. However, they had different morphological shapes. The ECM was also uniformly alcian blue and collagen type II positive but showed different organizational and structural forms. To conclude, our protocol allows the reliable isolation of a defined number of viable, chondrogenically differentiated MSC from high-density pellet cultures. Such cells, as well as the ECM components, are of interest as research tools and for cartilage tissue engineering.
Introduction
H yaline cartilage not only plays an integral role in the skeletal framework of the body but also coats the surfaces of bones in joints to facilitate bone gliding and to prevent bone abrasion. 1, 2 In general, cartilage consists of chondrocytes and extracellular matrix (ECM), and both components work in an interdependent manner to maintain structure and function. 3, 4 Cartilage disorders due to injury or disease not only disturb this structural organization but also affect the functional ability of this tissue. 5, 6 It is known that cartilage has a limited ability for self-repair due to its lack of vascular supply, lymphatic drainage, and innervations. Moreover, chondrocytes are entrapped in their ECM and thus have no physical contact with each other and restricted migration potential to defect sites. 2, 3, 7 For these reasons, cartilage disorders often result in destruction of hyaline joints and require joint arthroplasty.
Today, for the regenerative treatment of cartilage lesions, autologous chondrocytes are routinely clinically applied as a cell suspension (ACI), a high-density pellet of cells and ECM, or in combination with matrices (MACI). [8] [9] [10] However, problems arise when chondrocytes are cultured because the propagation to achieve sufficient cell numbers is accompanied by chondrocyte senescence 11, 12 and dedifferentiation of round cells to fibroblast-like cells with decreased cartilage formation capacity. 13, 14 Three-dimensional (3D) culture reduces but does not overcome the problem. In general, chondrocyte-based techniques do not result in native cartilage but rather pain relief, formation of hyaline and/or inferior fibrocartilage, and a delay of joint destruction.
Mesenchymal stem cells (MSC), or multipotent mesenchymal stromal cells, are discussed as an alternative cell source. [13] [14] [15] [16] Because they are easy to isolate and to expand and can differentiate into cartilage, migrate to diseased organs, and secrete molecules enabling their allogeneic use as a kind of controlled factor delivery system, MSC are promising cells for cartilage tissue engineering. 10, 17 Today, for the regenerative treatment of injured or diseased cartilage, bone marrow-stimulating techniques like microfracture, combined with supporting matrices, are routinely applied in situ to recruit MSC to cartilage defect sites. 18, 19 Results are similar to ACI and MACI. However, no cell product based on administration of differentiated or undifferentiated MSC exists.
The 3D high-density pellet culture is the standard assay for chondrogenesis in vitro. 15, 20 Here, a loose, spherical MSC pellet is chondrogenically induced by the addition of the standard stimulus, transforming growth factor (TGF)b, leading to a firm, spherical MSC pellet resembling hyaline cartilage and consisting of differentiated MSC and their ECM. The ECM mostly consists of different proteoglycans and collagens, which are usually cross-linked and provide a protective cage in which the TGFb-stimulated MSC are entrapped. [21] [22] [23] So, the isolation of these cells from their ECM is a challenging task, but is the prerequisite to deliver viable, chondrogenically differentiated MSC. To our knowledge, no successful procedure for the isolation of such cells from pellets has been published.
Herein, we present a protocol for isolation of viable, chondrogenically differentiated human MSC from high-density pellet cultures for research and regenerative applications. 24, 25 This reliable and easy-to-use protocol, based on an enzymatic cocktail of collagenase II, collagenase P, and CaCl 2 , results in about 2.5 · 10 5 cells per pellet and maintains the chondrogenically differentiated state of these cells. This is shown with cell-culture techniques, histological and immunohistochemical staining and quantitative real-time reversetranscription polymerase chain reaction (qPCR). As a byproduct, cartilage ECM components, often discussed as growth and differentiation factors, are enriched and can be used in research.
Material and Methods

Isolation and culture propagation of human MSC
Human MSC were isolated from bone marrow aspirates of the iliac crest of three informed, consenting donors (n = 3, average age: 68 -4.6 years) who were examined to exclude hematopoietic neoplasms; samples were found to be histologically normal. The local ethical committee of the Charité-Universitä tsmedizin Berlin approved the study. Nucleated cells in the aspirates were counted and suspended in culture medium consisting of Dulbecco's modified Eagle's medium (DMEM; Biochrom), 10% fetal bovine serum (Thermo Scientific Hyclone), 2 ng/mL basic fibroblast growth factor (FGF; PeproTech), 10 mM HEPES buffer, 4 mM L-glutamine, 100 U/mL penicillin, and 100 lg/mL streptomycin (all Biochrom). Cells were seeded at a density of 2 · 10 5 cells/cm 2 . After 72 h, nonadherent cells and debris were washed out by the first media exchange. Then, medium was exchanged three times a week and cells were detached after 90% confluence with 0.05% trypsin/1 mM EDTA (both Biochrom), subcultured (seeding density: 5 · 10 3 cells/cm 2 ), and expanded until passage 3 (P3).
Flow cytometric analysis of human MSC
To verify their presentation of MSC marker, P3 MSC of all donors were analyzed using a FACSCalibur flow cytometer (Becton Dickinson). Briefly, cells were collected and suspensions of 2.5 · 10 5 cells were washed with phosphate-buffered saline (PBS)/0.5% bovine serum albumin (BSA; both Biochrom). For direct staining, cells were centrifuged (250 g, 5 min) and resuspended in cold PBS/0.5% BSA. Afterwards they were incubated for 15 min on ice with titrated concentrations of R-phycoerythrin-labeled mouse anti-human CD14, CD34, CD73, CD166, fluorescein isothiocynate (FITC)-labeled mouse anti-human CD44, CD45, CD90 (all BD Pharmingen), or FITC-labeled mouse anti-human CD105 (Acris Antibodies). Finally the cells were washed in cold PBS/0.5% BSA and resuspended in the same buffer before flow cytometric analysis. Propidium iodide (100 lg/mL; Sigma-Aldrich) staining was applied to exclude dead cells and debris, while unstained cells were used as a negative control. Data were evaluated using CellQuest software (Becton Dickinson).
Chondrogenic differentiation of human MSC
For chondrogenic differentiation in high-density pellet cultures (n = 6 donors, P3), 2.5 · 10 5 MSC were centrifuged (150 g, 5 min) in a 15-mL polypropylene tube (Becton Dickinson) to form a pellet. The pellets were treated for 28 days with defined serum-free chondrogenic medium, which consisted of DMEM (4.5 g/L glucose; Biochrom), ITS + 1 supplement, 100 nM dexamethasone, 0.17 mM L-ascorbic acid-2-phosphate, 1 mM sodium pyruvate, 0.35 mM L-prolin (all SigmaAldrich), and 10 ng/mL TGFb3 (R&D Systems). Control pellets were cultured in the same medium without TGFb3. Medium was changed three times a week.
Establishment of an appropriate protocol for cell isolation from pellet cultures
To isolate viable, chondrogenically differentiated MSC from entrapped ECM, we established a step-by-step protocol. High-density pellets were digested by using six different approaches. In the first approach, pellets were incubated with 0.05% trypsin/1 mM EDTA for 10, 20, and 30 min at 37°C and 5% CO 2 . In the second approach, they were cut into small pieces with a sharp blade and then incubated with 0.05% trypsin/1 mM EDTA for 10, 20, and 30 min. In the third approach, they were incubated for 60 and 120 min with 100, 200, and 300 U of collagenase II (Biochrom), and in the fourth approach for the same time with 10, 20, and 30 U of collagenase P (Roche). In the fifth approach, 300 U of collagenase II and 20 U of collagenase P were mixed and the mixture was incubated for 30, 60, 90, and 120 min. Finally, in the sixth approach, 2 mM CaCl 2 was added to the fifth approach mixture, which was then incubated for 90 and 120 min at 37°C and 5% CO 2 to digest pellet cultures. As presented in the Results, the last approach (90 min) was best.
298
ULLAH ET AL.
Isolation of viable, chondrogenically differentiated human MSC from pellet cultures
The newly established protocol was applied in all further studies. Initially, medium was removed and the pellet culture was washed with PBS. Then, for enzymatic digestion, the pellet was digested with 300 U of collagenase II, 20 U of collagenase P, and 2 mM CaCl 2 for 90 min at 37°C and 5% CO 2 . This resulted in a mixture of viable, chondrogenically differentiated cells, ECM, semidigested pellets, enzymes, and debris. Based on our targeted cell number, mixtures were isolated from 25 pellets (about 2.0 · 10 5 cells/pellet) per donor (n = 3), pooled, and then mechanically homogenized by gentle pipetting to dislodge and release the cells from ECM.
Isolation of ECM and its enrichment
To isolate ECM, the whole digested extract consisting of cells, ECM, enzymes, and debris was transferred to a 50-mL tube and centrifuged at 350 g for 6 min. Then supernatant was discarded, and the precipitate was resuspended in culture medium supplemented with TGFb3. We added this chondrogenic stimulus to maintain the differentiated state of chondrogenically differentiated cells and to exclude cell dedifferentiation. Subsequently, cells along with ECM and other debris were transferred to a culture flask and incubated at 37°C and 5% CO 2 . After 2 h, viable, chondrogenic cells were attached to the culture surface, while the ECM, dead cells, and cellular debris remained unattached. The nonadherent substances were removed by medium exchange and centrifuged at 350 g for 6 min at 37°C. The process of medium removal and centrifugation was repeated three times to ensure the maximum removal of ECM for its enrichment. Cells and ECM were used separately for histological, immunohistochemical, and gene expression analysis.
Histological and immunohistochemical analysis
To demonstrate chondrogenesis, high-density pellet cultures were embedded in Tissue-Tek O.C.T. compound (Sakura Finetek), frozen in liquid nitrogen and cryosectioned (6 lm thickness). To analyze the secretion of cartilage proteoglycans, sections were stained with alcian blue 8GS (Roth) and counterstained with nuclear fast red (Sigma-Aldrich). For immunohistochemical analysis of collagen type II formation, sections were incubated for 1 h with a primary rabbit anti-human collagen type II antibody (Acris Antibodies), processed with the EnVision system peroxidase kit (DAKO), and counterstained with hematoxylin (Merck).
For histological and immunohistochemical analysis of viable, chondrogenic cells, four-well chamber slides were used (Thermo Scientific). For alcian blue and collagen type II staining, 2.0 · 10 5 chondrogenically differentiated cells were transferred to each well. Slides were then incubated at 37°C and 5% CO 2 for 4 days. Then, for direct staining the medium was removed, and cells were washed with PBS and fixed for 5 min in cooled 3.7% formaldehyde in PBS. Finally, cells were stained according to the protocols already described for cryosections.
Isolation of RNA from high-density pellet cultures and qPCR
For qPCR analysis of high-density pellet cultures and viable, chondrogenically differentiated cells, total RNA was harvested. For pellet RNA extraction, pellets were pooled for each individual donor (n = 3, 14 pellets for each donor), mixed with TriReagent (Sigma-Aldrich), and mechanically homogenized with an Ultra-Turrax (IKA). For RNA extraction from monolayer cells (n = 3 donors), mechanical homogenization was not necessary; 1-bromo-3-chloro-propane (Sigma-Aldrich) was added followed by centrifugation (13,000 g, 45 min). The aqueous phase was collected and mixed with an equal amount of ethanol. Further steps were performed applying the RNeasy Mini Kit (Qiagen). Finally, RNA quality and quantity were measured with the NanoDrop (NanoDrop products).
For qPCR, cDNA was synthesized from total RNA (2.5 lg) with the iScript cDNA synthesis kit (BioRad). Then, TaqMan qPCR was performed in triplicate in 96-well optical plates on a Mastercycler Ò ep realplex2 S system (Eppendorf) with gene expression assays for TaqMan probes and primer sets (Applied Biosystems). Quantitative gene expression was analyzed for the chondrogenic marker genes collagen type 2 A1 (COL2A1; assay ID: Hs00264051_m1) and SRY (sex determining region Y)-box-9 (SOX9; Hs00165814_m1) and for the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Hs99999905_m1). COL2A1 and SOX9 expression was normalized to the endogenous GAPDH expression level and calculated with the 2
ÀDDCt formula as percentage of GAPDH expression. 26 
Statistical analysis
Statistical analysis was performed using SigmaStat 3.5 (Systat), while GraphPad Prism4 (GraphPad) was applied to draw graphs. Students' t-test was applied for nonparametric quantitative data sets analysis and one tailed p-values were calculated; p < 0.05 and p < 0.001 were considered to be statistically significant. Error bars in all figures represent the standard error of the mean (SEM).
Results
Isolation and culture of human MSC
MSC were isolated from human bone marrow aspirates of three donors and subsequently culture expanded up to P3. In P0, cells showed the typical fibroblast-like morphology of primary MSC (Fig. 1A) . During culture propagation up to P3, cells were slightly flattened but still showed a homogeneous fibroblast-like morphology (Fig. 1B) . In P3, flow cytometric analysis was performed to verify if the cells had the standard MSC surface marker profile. As expected, MSC were uniformly positive for CD44, CD73, CD90, CD105, and CD166 and negative for the hematopoietic markers CD14, CD34, and CD45 (Fig. 1C) . We and others have shown the multilineage differentiation potential of such cells in many studies; here we were only interested in their chondrogenic differentiation potential.
Chondrogenic differentiation of MSC in high-density pellet cultures
MSC were chondrogenically stimulated with TGFb3 in the standard pellet culture assay. After initial centrifugation in 15-mL polypropylene tubes, MSC settled and formed loose, spherical pellets. During the first week, pellets started to increase in size and had a thinner central zone as compared
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to a thicker circumferential border. After 28 days, pellets were converted into firm, mechanically strong cultures (Fig. 2) . At that point, alcian blue staining of cartilage proteoglycans ( Fig. 2A) and antibody staining of cartilage-specific collagen type II (Fig. 2C) revealed the formation of a cartilaginous ECM. Both alcian blue (Fig. 2B ) and collagen type II (Fig. 2D ) staining were negative in unstimulated pellet cultures. On the gene expression level, chondrogenesis was measured by significantly increased expression of the cartilage marker genes SOX9 and COL2A1 from day 0 to day 28 ( Fig. 2E ). Both genes were also much more highly expressed in stimulated cultures than in unstimulated cultures (Fig. 2E ).
Establishment of a protocol to isolate viable, chondrogenically differentiated MSC
The isolation of viable, chondrogenically differentiated cells from high-density pellet cultures was a challenging task because they were entrapped in the firm, mechanically strong ECM, and no appropriate protocol was known. Testing different approaches, we established a step-by-step procedure for the enzymatic release of cells from such cultures. The first approach was based on the knowledge that trypsin is the standard enzyme to release viable cells from a broad spectrum of tissues. So, pellets were incubated under standard cell culture conditions with 0.05% trypsin/1 mM EDTA for 10, 20, and 30 min. However, according to trypan blue staining of cells and subsequent counting by hemocytometer, no viable or dead cells were released (Fig. 3A) . We assumed that due to the presence of a protective ECM layer on the pellet surface, trypsin was not able to release any cells. Therefore, in the second approach, each pellet was cut into small pieces with a sharp blade; incubated with 0.05% trypsin/1 mM EDTA for 10, 20, and 30 min; and then mechanically dislodged to release the cells by pipetting. Obviously, some viable cells were released (Fig. 3B ) but compared to the number of dead cells, after 10-min (Fig. 3C, D) , 20-min (Fig. 3E, F) , and 30-min (Fig. 3G, H) incubation, their number was very low. Moreover, the majority of the few viable cells were unable to proliferate and most of them died after 1 day in subsequent cell culture (data not shown). Based on these results, trypsin was excluded from our study. In the third approach, 100, 200, and 300 U of collagenase II (Fig. 4A ) and in the fourth approach, 10, 20, and 30 U of collagenase P (Fig. 4B) were used in 60-and 120-min incubations under standard cell culture conditions. This was based on the knowledge that the ECM contains diverse collagens, among which collagen type II is 
FIG. 2. MSC were induced to chondrogenic lineage cells.
Their chondrogenic ability was assessed via (A) alcian blue and (C) collagen type II staining, while the controls were negative for both (B) alcian blue and (D) collagen type II staining. (E) After 28 days of induction, the chondrogenic MSC showed significant expression of cartilage-specific genes SOX9 and COL2A1 as compared to negative controls (NC) and undifferentiated MSC, day 0. Bar: 500 lm.
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prominent. After 60 and 120 min, 300 U of collagenase II resulted in the highest number of viable, released cells (Fig.  4A ). For collagenase P, results were ambiguous (Fig. 4B ) and the amount of released cells was lower than in the collagenase II approach. In the fifth approach, 300 U of collagenase II and 20 U of collagenase P were combined together for 30-to 120-min incubations. The resultant semidigested pellets were mechanical dislodged by gentle pipetting. After the 30-min incubation, roughly 1.5 · 10 4 viable cells per pellet were released ( Fig. 4C ) and showed normal morphology (Fig. 4E) . However, the number of nonviable cell was relatively high, and some cells remained as small clumps in the ECM (Fig. 4C,E) . After 60 min, the number of released, viable cells was increased, and the other characteristics were constant (Fig. 4D, F) . Thirty minutes later, the number of viable cells was further increased (roughly 2.8 · 10 4 cells/pellet; Fig. 4G ), the morphology was slightly flattened, and the number of clumps was decreased (Fig. 4I) . After 120 min, with about 3.0 · 10 4 cells/pellet, the highest number of viable cells was released from the pellet cultures (Fig. 4H ), but most of them died in subsequent culture, and the remaining cells became more flattened and showed almost no proliferation (Fig. 4J) . We assumed that cell damage was correlated with an increased incubation time in the enzymatic cocktail; therefore, to reduce this time, we added CaCl 2 in the last approach. Calcium chloride is considered to be a stabilizing agent for diverse collagenases and increases their activity. 27, 28 Pellets were incubated in 300 U of collagenase II, 20 U of collagenase P, and 2 mM CaCl 2 at 37°C and 5% CO 2 for 90 and 120 min. As expected, at 90 min, CaCl 2 supplementation resulted in a very high number of released cells (about 3.9 · 10 4 cells/pellet) (Fig. 5A ). These cells were morphologically normal and proliferated in subsequent culture (Fig. 5C) . After 120 min, we did not observe any further increase in the amount of released, viable cells (Fig. 5B) , and there were more dead cells (Fig. 5D ). In conclusion, 300 U of collagenase II, 20 U of collagenase P, and 2 mM CaCl 2 were used in our protocol for 90 min at 37°C and 5% CO 2 . The protocol was then further optimized for the separation of released cells and ECM from each other (Materials and Methods) and resulted in about 2.5 · 10 5 cells per pellet.
Morphology and chondrogenic character of isolated cells
The culture appearance of viable, chondrogenically differentiated cells was inhomogeneous. We observed groups of cells that were different in size from small (Fig. 6A ) to large (Fig. 6B) , in shape from spherical (Fig. 6A) to polygonal (Fig. 6B) , and in appearance from individual (Fig. 6A) to grouped (Fig. 6B) . Some had flatted ends compared to others (Fig. 6C) , with distinct nucleus and abundant cytoplasm (Fig.  6C,D) . Clearly, most had a tri-or multi-angular morphology (Fig. 6D) . However, during isolation cells retained their chondrogenic character, as shown by positive alcian blue (Fig. 7A ) and collagen type II (Fig. 7C) staining. Cells isolated from unstimulated negative control pellets were alcian blue (Fig. 7B ) and collagen type II negative (Fig. 7D ). Cells were also cross-checked on the gene level for expression of SOX9 and COL2A1. The expression of both marker genes in percent expression of GAPDH in cultures with cells released from chondrogenically stimulated pellets was significantly higher than in cultures with cells released from unstimulated control pellets (Fig. 7E) .
Extracellular matrix
After separation of released cells and ECM from each other, we further analyzed the ECM-enriched fraction, which contained some debris, that did not attach to the culture surface during separation. In morphological evaluation, we observed two main structures (Fig. 8) , a small particle-like structure (Fig. 8A) and an almost uniform, small membranelike structure (Fig. 8B) . The chondrogenic characteristic of these two ECM structures was examined by alcian blue and collagen type II staining. Alcian blue staining confirmed the presence of cartilage proteoglycans in both morphological structures (Fig. 8C, D) . However, the intensity was higher in the group with particle-like structures (Fig. 8C) . Counterstaining with nuclear fast red was negative, indicating that no cells were in the ECM fraction. Both structures were
FIG. 3. (A)
Incubation of intact pellets with trypsin did not release any cells, (B) while incubation with trypsin of pieces scraped from pellets released cells, the majority of which were dead. The numbers of released cells from the scraped pieces are shown after 10 min (C) with corresponding morphology (D); after 20 min (E) with corresponding morphology (F); and after 30 min (G) with corresponding morphology (H). Bar: 100 lm.
collagen type II positive (Fig. 8E, F) , with a higher intensity in the membranous-like structure. As shown exemplarily in Fig. 8D and 8F, ECM from unstimulated control pellets was both alcian blue and collagen type II negative.
Discussion
For the regenerative treatment of injured or damaged articular cartilage, chondrogenically differentiated MSC, isolated from diverse tissues with or without matrices, are considered a promising alternative for autologous chondrocytes transplantation. 13, 25, 29 In this context the high-density pellet culture represents a model system to provide a large amount of chondrogenic MSC, 15, 20 especially when such cells should be applied as a suspension for regenerative application. However, inside intact pellet culture, the cells and their secreted ECM components enclose and fix each other, 1-3 hindering the release of chondrogenic MSC. This emphasizes the need for a successful protocol to isolate cells from pellets, despite an array of published protocols for chondrocyte isolation from native cartilage. 30, 31 Unfortunately, such protocols are not applicable to isolating viable cells from pellets, and we believed that appropriate pellet digestion represented the key step to achieve this. We thus examined the parameters of enzyme selection, concentration, and incubation time to establish uniform standards for the reproducible release of viable cells from high-density pellet cultures.
First, MSC were chondrogenically stimulated with TGFb3 for 28 days to generate high-density pellet cultures. The chondrogenic nature of these pellets was verified by histochemical examination of cartilage proteoglycan, antibody staining of cartilage collagen type II, and qPCR of COL2A1 and SOX9.
Then, to start pellet digestion, trypsin was applied because it is broadly accepted as the enzyme for release of cells from culture surfaces and diverse native tissues. Initially trypsin did not release any cells from intact whole pellets, and very few cells were released from small pieces of knife-scraped pellets. In line with these results, trypsin was previously found to be insufficient to isolate chondrocytes from cartilage. 30 Since cartilage and chondrogenic pellet cultures contain a huge amount of collagen, collagenases are important digestion enzymes. We and others have used a mixture of collagenase II and collagenase P to isolate chondrocytes from normal and osteoarthritic cartilage. 30, 32, 33 Therefore, we next tested these two enzymes alone or in combination, and found a mixture of 300 U of collagenase II and 20 U of collagenase P optimum at 90 and 120 min of incubation for maximum release of viable cells. But most cells either died on subsequent culturing or otherwise showed low proliferation rate. Since digestion of native cartilage with these enzymes is often performed overnight, we did not expect such a negative influence with our incubation times, 30, 32, 33 especially with our selected enzyme concentration being in the standard range. This implies differences between the structure of native 
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cartilage and pellet culture cartilage. Since it is known that CaCl 2 stabilizes several collagenases and increases their activity, thus accelerating the digestion process, we added it to our enzymatic cocktail. 27, 28 After 90 min, with about 3.9 · 10 4 cells/pellet, this addition resulted in a highly increased number of released cells. Cells were morphologically normal and proliferated in subculture. Since 120-min incubation did not result in more released cells, 90 min was selected as the appropriate incubation time.
After further optimization of the protocol (centrifugation steps, cell attachment times) for the separation of released cells and ECM from each other, about 2.5 · 10 5 viable cells/ pellet were released. The next question was whether the enzymatic cocktail affected cell physiology. It has been reported that CaCl 2 , at least in serum-free media, maintains the chondrogenic phenotype in monolayer and keeps the cells in suspension culture. 34 However, the viable, chondrogenic cells showed different morphologies. One reason may be a nonuniform nutrient supply to single cells or cell aggregates inside high-density pellet cultures. In this context, we also did not ignore the variable rate of diffusion for TGFb3 and enzymes for chondrogenesis and pellet digestion, respectively. It also seems possible that the chondrogenic capacity of the primary MSC varied. Anyway, based on cartilage proteoglycan and collagen type II presentation and gene expression of COL2A1 and SOX9, released cells had a chondrogenic phenotype. 35 Not showing here, we observed an extensive proliferation with beginning dedifferentiation towards a less differentiated phenotype, when seeding the cells in MSC culture medium. Therefore, we added the chondrogenic stimulus TGFb3 to the culture medium to maintain the chondrogenic phenotype and noticed that most of the cells did not lose their morphological specificity.
Besides the cell fraction, the ECM fraction was isolated, enriched, and preliminarily investigated. Purified ECM not only plays a stimulating role in chondrogenic cell aggregation, 36 but it is also interesting for therapeutic approaches. For instance, it has been shown that the components of ECM play a curative role in cartilage repair. [37] [38] [39] Additionally, their roles as growth and differentiation factors and cell-recruiting molecules are known and constitute an important research topic. Hyaluronan acid is clinically applied in situ to recruit MSC to cartilage defect sites and to promote cartilage differentiation. 10, 19 This established protocol will play a substantial role in providing purified chondrogenic cells and ECM for future regenerative application.
Conclusion
The 3D high-density pellet culture is considered a standard culture model for its entrapped chondrogenically differentiated cells. We present a protocol for the reproducible isolation of a defined number of viable, chondrogenically differentiated MSC from this culture. Simple steps, including enzymatic digestion, mechanical homogenization, selective adherence of viable cells, and removal of the ECM-enriched supernatants, result in two fractions consisting of purified chondrogenically differentiated cells and enriched cartilage ECM components. Perhaps this may not seem highly important on the first view. However, for the very high number of groups working on MSC, chondrogenic differentiation, and cartilage repair, our protocol delivers purified chondrogenic MSC and enriched ECM not only for research and development, but also for regenerative therapies. The protocol may also provide a basis for MSC isolation from other matrixfree or matrix-based chondrogenic 3D cartilage cultures.
FIG. 8.
On morphological evaluation, ECM showed two prominent forms, (A) particle-like appearance and (B) small membrane-like structures (inset is a higher resolution image, bar: 20 lm). The particle-like structures of ECM were (C) positive for alcian blue and (E) marginally positive for collagen type II staining. The membrane-like structures of ECM were equally positive for both (D) alcian blue and (F) collagen type II staining. Insets (D, F): ECM from control samples. Bar: 100 lm.
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